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Abstract
In this paper, a passivemode-locked erbium-doped fiber laser (EDFL) incorporating graphene
nanoplatelet (GNP) powder-based saturable absorber (SA)with short pulse duration in femtosecond
range is demonstrated. A good synthesis ofGNP can be simply produced via a combination of thermal,
chemical, andmechanical exfoliation of expandable graphite. TheGNP-SA is fabricated by
mechanically imprinting the powder onto the tip of a singlemode fiber ferrule. The characterization
of SA is done via focus ion beam scanning electronmicroscope, energy dispersive X-ray spectroscopy,
as well as Raman spectroscopy. The fabricatedGNP-SA has 1.8%modulation depth andC-band
transmission loss of less than 1.8 dB. The ring-configuration EDFL integratedwithGNP-SA yields a
mode-locking threshold of 22.6mWpumppower. Net anomalous dispersion of the laser cavity is
validated by the observation of Kelly’s sideband in the optical spectrum. Atmaximumpumppower of
115.8mW, themode-locked EDFLhas a pulse repetition rate of 13.11MHz, sech2 profilefitted pulse
duration of 694 fs, peak-to-pedestal extinction ratio of 58.2 dB, average output power of 6.7mW, and
pulse energy of 507.2 pJ. Our proposedGNP-SA is feasible as amode-locker for ultrashort pulsed fiber
laser with advantage in terms of simple synthesis and fabrication technique.
1. Introduction
Recent fiber laser technologies have highlighted the significance of passivelymode-locked ultra-short pulse in
multiple applications such asmedical field [1], molecular science [2], astrophysics [3], and high energy laser
system [4]. The phrase ‘mode-locking’ is defined asmultiple axialmodes being locked together in a laser cavity
[5]. The resonance is observed for anymode-locking phenomenon inwhich pulse radiation is generated by
coherent phasematching between differentmodes. The ultrashort pulse generation can be achieved by either
active or passivemode-locking techniques. The latter technique is favorable due to simple operation that does
not require an externalmodulator.
Saturable absorber (SA) is generally utilized for the generation of passivelymode-locked fiber laser due to its
intensity-dependent optical loss, which reduces at higher light intensity. This phenomenon can be observed
when all possible initial states are depleted and the final states are partially occupied in conjunction to Pauli’s
blocking effect. Thefiber-integrated SAwas demonstrated in the past few years using several types of
nanomaterials. These nanomaterials include transitionmetal dichalcogenides [6, 7], topological insulator [8],
black phosphorus [9], carbon nanotube [10] and graphene [11]. Among these various nanomaterials, graphene
is preferred due to its ultra-broadband operating spectral range and gapless linear dispersion ofDirac-electrons
near the Fermi energy [12]. Graphene has a honeycomb lattice structurewhich is formed by sp2 hybridized
carbon atoms in planar configuration [13]with a constant presence of electron-hole pair in resonance [14].
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Therefore, the optical inter-band transition is independent of frequency and corresponds solely to the optical
conductance of photon energies [13].
Graphene can be tailored into several forms such asmonolayer graphene, graphene oxide and graphene
nanoplatelet (GNP). Based on [15], monolayer graphene is complicated and expensive to fabricate SA due to the
synthesizing and imprinting procedures. On the other hand, graphene oxide has high defect density which could
contribute to the deposition loss as high as∼7 dB [16]. TheGNP typically exists in the stacking ofmultiple single
layers of graphene [17]. Themodulation depth ofGNP is improved by such stacking properties. Therefore, GNP
offers this slight advantage as one of promising SA candidates. Themode-locked erbium-doped fiber laser
(EDFL) usingGNP-SA has been reportedwith ultrashort optical pulses of 1.67 ps [18] and 1.9 ps [15]. The
depositionmethod ofGNPon thefiber ferrule is based onmechanical imprinting technique. In addition,
another SA fabricationmethodwas investigated by embeddingGNP in photonics crystal fiber (PCF), which
improved the pulse duration to 650 fs [19]. Nevertheless, the fabrication process of depositingGNP into 3.1 μm
hole diameter is complicated.
In this paper, GNP is used for the fabrication of sandwiched-type SA throughmechanical imprinting on
fiber ferrule. The optimization ofGNP thickness is controlled throughmechanical exfoliation technique using a
Scotch tape.We demonstrate a sandwich-structuredGNP-SAwhich generates shorter pulse duration of 694 fs
compared to previousGNP-SAmode-locked EDFL using similar SA structure [15, 18]. In addition, this work
highlights the feasibility of GNP-SA to generate femtosecondmode-locked pulse laser through simple SA
fabrication procedures.
2. Synthesis of GNPpowder
GNPpowder is synthesized from expandable graphite (3772, AsburyCarbons, Inc.) based on slightmodification
of the procedures in [20]. The expandable graphite isfirst subjected to thermal exfoliation inside an oven at a
temperature of 950 °C for 10 s. In order to further exfoliate the expanded graphite, 0.1 g of the expanded fluffy
powder is then soaked in 100 mlmixture of sulphuric acid (V(H2SO4)) and nitric acid (V(HNO3))with ratio of
1:1 for 24 h. After that, the treated expanded graphite is washedwith deionizedwater for 10 times through
centrifugationmethod to remove excess acids. Finally, the treated expanded graphite is ultrasonicated in ethanol
solution (0.1 mg ml−1) using probe sonicator (QSonicaQ700) for further exfoliation. The sonicated sample is
centrifuged at 5000 rpmand the precipitate is dried in the oven at 60 °C for 12 h to obtain solvent-free GNP
powder.
AUV-visible spectrum analyzer is utilized to characterize the synthesizedGNPpowder as depicted in
figure 1. The spectrum shows a broad absorption bandwith a peak at 264 nmand a shoulder at approximately
345 nm. The 264 nmpeak confirms that theGNPhas a graphitic structure. On the other hand, the 345 nm
shoulder observed is due to the excitation ofπ-plasmon. Thewavelength of the shoulder is slightly shifted
compared to other reported graphene absorption spectra due to the stretching of the bonds [21]. Furthermore,
the state of theGNP can be conjectured to bemulti-layered based on the prominence of the 345 nm shoulder.
3. Fabrication andpreparation ofGNP-SA
The preparation steps of GNP-SA are illustrated infigure 2. First, a small amount of GNPpowder is takenwith a
spatula and placed on a cleanfilter paper as portrayed infigure 2(a).
Figure 1.UV-visible absorption spectrumof the synthesizedGNPpowder.
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AFC/PCSMF-28 fiber ferrule is then dipped into theGNPpowder (figure 2(b)) allowing the adsorption of
GNPpowder with uneven thickness as presented infigure 2(c). A clean scotch tape is then used to exfoliate the
depositedGNPpowder several times (figure 2(d)) in order to obtain a better distribution ofGNPpowder and the
least number of layers as possible, shown infigure 2(e). Lastly, TheGNPpowder-deposited fiber ferrule is
attached to a different fiber ferrule to assemble the SA as depicted in figure 2(f).
3.1.Morphology analysis
A closer look at theGNP-imprinted fiber ferrule aftermechanical exfoliation process is realized usingOxford
Instrument’s X-MaxN focus ion beam scanning electronmicroscope (FIB-SEM)with differentmagnification
size as illustrated infigure 3. Figure 3(a) illustrates the FIB-SEM image of the fiber ferrule takenwith
magnification size of 1500. The outer circle with diameter of 125 μmdenotes thefiber cladding region.On the
other hand, the smaller circle with 9.8 μmdiametermeasurement illustrates thefiber core region that is
extensively coveredwithGNP. Thisfiber core region is further analyzed by adjusting themagnification size of
FIB-SEM to 10 000 as depicted in figure 3(b). Based on this figure, clusters of GNP sheets are observed.
Figure 2. Fabrication procedures of GNP-SA.
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Figure 3(c) depicts a random chosen spotwithin thefiber core observed atmagnification size of 50 000. A crack
in thematerial can be detected (circled in red), which can spontaneously happen as theGNP sheets harden.
3.2. Elemental analysis
Thematerial distribution ofGNPon thefiber core is identified andmapped usingOxford Instruments X-MaxN
80 energy dispersive X-ray (EDX) spectroscopy as shown infigure 4. Thismeasurement is taken using 1 kV
acceleration voltage to distinguish only the graphenematerial and tominimize the interaction between electrons
and opticalfiber. Figure 4(a) shows the combination of carbon (C) and oxygen (O) elements which are
represented by red dots (figure 4(b)) and green dots (figure 4(c)), respectively. The dashed circle with diameter
measurement of 9.8 μmin figure 4(a) denotes the fiber core region, which is coveredwith a large amount of
GNP. The basic chemical composition ofGNP is only carbon.Hence, the regionswith the abundance of C spots
exhibitminimal presence ofO spots, and vice versa. The lack of C element in some regions is likely due to the
exfoliation process.
Figure 3. FIB-SEM images of imprintedGNPon thefiber ferrule observedwithmagnification size of (a) 1500×, (b) 10 000× and (c)
50 000×.
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The EDX spectrum corresponding tofigure 4 is illustrated infigure 5. Based on the spectrum, only C andO
elements are detectedwithin the fiber core region area. TheO element is detected from silicon dioxide (SiO2)
material in the optical fiber.However, the presence of Si element cannot be observed since the acceleration
voltage of 1 kVused is below than the peak of SiKα at 1.7 keV. Furthermore, the SiLα peak at 0.093 keV also
cannot be observed because the EDX system is only able to detect X-ray energy for Beryllium (BeKα)which is
0.108 keV and above. Therefore, the high purity of C fromgraphene is proved based on the absence of other
chemical elements observed from the EDX spectrum.
Figure 4.Material distribution imagesmeasured fromEDXof imprintedGNPonfiber ferrule for (a) combination of carbon and
oxygen elements, (b) carbon element and (c) oxygen element. The dashed circle in yellow denotes thefiber core region.
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3.3. Raman spectrum
Tomeasure the defect density and to quantify the graphene layers, aWITec Raman spectroscopy (Alpha 300R)
with 487.9 nm excitationwavelength is employed. The Raman spectrumof the depositedGNP is shown in
figure 6. TheDband at 1350.03 cm−1 andGband at 1568.82 cm−1 represent the visible excitation of carbons
[22]. In the sp2 hybridized carbon atoms, theGband is a direct relation to bond stretching in the chains and
rings, while theDband represents the breathingmodes in the rings [23, 24]. Using the intensity ratio between the
Dpeak andGpeak (ID/IG), the defect density of theGNP is calculated to be 0.32. The lowdefect density can be
credited to the good synthesis process thatminimizes the formation of graphene oxide [25].
The Raman spectrum also shows the 2Dband at wavelength 2709.13 cm−1, which is the 2nd-order Raman
scattering of theD band. This would explain the twice in shifting rate to theD-band [26]. The 2Dband is actually
contributed by two oppositemomentumphonons in the highest optical branchwith thewave vectors nearing
the Brillouin zoneκ point [20]. Additionally, using the visual comparison of the 2Dpeak to theGpeak, one can
deduce the state of the graphenewhether it exists as a single sheet ormultiple sheets [27]. AGpeakwith higher
intensity in comparison to the 2Dpeak denotes that the depositedGNP exists inmultilayer formwhile the
opposite casewould hold true if the sample occurred as a single sheet. However, to exactly quantify this, the
intensity ratio of 2D band toGband (I2D/IG) is calculated, and amounted to a ratio of less than two. A ratio of
less than two confirms themulti-layered state of the depositedGNP speculated earlier.
4.Optical characterization ofGNP-SA
Subsequently, the transmission loss of the proposedGNP-SA is characterized. To perform this characterization,
theGNP-SA is connected to an amplified spontaneous emission (ASE) source and an optical spectrum analyzer
(OSA) to capture the transmission. Prior to this, the transmission spectrumof the ASE source is acquired. The
transmission loss is calculated through the difference in transmission spectrawith andwithoutGNP-SA. The
resulting loss spectrum is shown infigure 7, which exhibits value below 1.8 dB across theC-bandwavelength
region.
Next, themodulation depth (MD) of theGNP-SA ismeasured. The assessment of themodulation depth can
be obtained using a graph of normalized absorbance versus peak intensity. Accordingly, the setup for the
Figure 5.EDX spectrumof imprintedGNPon thefiber core.
Figure 6.Raman spectrumof imprintedGNPon thefiber core.
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nonlinear-saturable absorption characterization is presented infigure 8. The setup consists of a variable optical
attenuator (VOA) that tunes the launched power of the pulsed laser source. The operatingwavelength of the
M-FiberMenloSystems pulsed laser source is 1550 nmwith pulse duration and repetition rate of 117 fs and
250MHZ, respectively. An isolator is placed in between theVOA and a 3 dB optical coupler to prevent back-
reflection. The 3 dB optical coupler channels the optical signal into PathA and Path B equally. Two optical
powermetersOPM1 andOPM2, are employed tomeasure the reference powermeasurement fromPathA and
the power-dependent transmissionmeasurement fromPathB, respectively.
The nonlinear saturable absorption curve of theGNP-SAwith peak intensity variation is plotted in figure 9.
Based on the evaluation of the normalized absorbance graph, theMDobtained is 1.8%. It can be expected that
the proposedGNP-SAwill be able to self-start themode-locked laser operation as theMD is higher than the one
reported in [16]. Subsequently, the non-saturable loss (αns) and saturation intensity (Isat) that can be
approximated based on the same graph are 37%and 10.4 MW cm−2, respectively. The stacking of theGNP in
the proposed SA contributed to the high non-saturable loss. However, theαns of ourGNP-SA is similar to the
Figure 7.Transmission loss of GNP-SAover C-bandwavelength region.
Figure 8.GNP-SA non-linear saturable absorption characterization setup.
Figure 9.GNP-SA power dependent nonlinear saturable absorption curve.
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graphene-SA reported in [28]. The proposed SA has a rather low saturation intensity which can only be obtained
when thematerial has a low defect density [29]. This is in contrast to the graphene-SA presented in [30], which
reported a high saturation intensity of 65 MW cm−2 due to highmaterial defect density. Low saturation intensity
is highly desirable in SAs as it can assist in obtaining a low threshold condition inmode-locked lasers [31].
5. Experimental setup ofmode-lockedfiber laser
The experimental setup of amode-locked EDFL employing theGNP-SA is shown infigure 10. A 975 nm laser
diode (LD) pumps a 7 mHP980 erbium-doped fiber (EDF) via a 980/1550 nmwavelength divisionmultiplexer
(WDM). The EDFhas a dispersion coefficient of−18 ps nm−1 km−1 at 1550 nmand absorption coefficients
ranging from3.5 dBm−1 to 5.5 dBm−1 for 1530 nm to 1550 nmwavelengths. TheGNP-SA is connected to the
other end of the EDF, and isolators (ISO-1 and ISO-2) are in inserted just before and after theGNP-SA to ensure
unidirectional pulse propagation aswell as to prevent back-reflections into theGNP-SA. The back-reflections
may originate frombackward EDFASEwhich can instigatemultiple-reflections degrading the laser stability. A
polarization controller (PC) is connected to ISO-2 to tune the polarization state and to reduce cavity
birefringence effect. A 70:30 optical coupler (OC) is connected to the output of the PC,with the 70% leg
completing the ring cavity back into the 980/1550WDM.Meanwhile, the 30% leg is used as the output port for
signal analysis.
6.Mode-lockedfiber laser performance
Figure 11 shows the spectralmeasurement of themode-locked EDFL incorporating GNP-SAwith pumppower
variation. Initially, the setup generates a continuouswave (CW) laser at 18.1 mWpumppower. Increasing the
pumppower to 22.6 mW, resulted in the attainment of themode-locked laser threshold condition.However,
from43.9 mW to 67.4 mWpumppower, a distinct peak at wavelength 1558.28 nmappearedwhich indicates
that the operation has switched frommode-lock toCW.This shows that themode-locked laser has not yet
reached stable operation. Beyond 67.4 mW, theCWsignal is suppressed securing a stable seed laser source for
mode-locking operation. Themode-locked laser spectrum is thenwellmaintained beyond 67.4 mWup to the
maximumpumppower of 115.8 mW.The central wavelength of themode-locked laser is 1558.35 nmwith a
3 dB bandwidth of 4.21 nm.
Additionally, from the spectrum infigure 11, Kelly’s sidebands are observedwhich is a clear indication that
the laser operates within the net anomalous dispersion of conventional soliton regime [32]. A soliton regime
manifests from the interplay between negative dispersion and the nonlinear effect in the laser cavity, as a result of
balanced effect between dispersion and non-linearity in the laser cavity [33]. The total group velocity dispersion
(GVD) is calculated to verify that the laser performs in the net anomalous dispersion regime. The totalmeasured
length of the laser cavity is 22.9 m and consists of Corning SMF-28, CorningHi-1060 SMF, and Lucent
TechnologiesHP980 EDF. The dispersion coefficient,β2 at 1550 nm for eachfiber type are shown in table 1. The
total GVD contributed by eachfiber type is then calculated bymultiplying its lengthwith the dispersion
coefficient. Summing up the total GVD fromeachfiber type, the net GVDof the entire cavity is−0.2313 ps2,
which places the laser cavity in net anomalous dispersion regime.
The pumppower is thenfixed at 115.8 mWfor optical pulse analysis. The pulse repetition rate ismeasured
byTektronix TDS 3012Cdigital phosphor oscilloscope through a 5 GHzThorlabs SIR5-FC InGaAs FC/PC-
coupled photodetector. Figure 12 shows themeasured output pulse train. From this finding, the pulse repetition
Figure 10.Experimental setup ofmode-locked EDFLwithGNP-SA.
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Figure 11.Optical spectrumof themode-locked EDFL.
Table 1.Estimated values of theGVD for each type of optical
fiber for the entire EDFL cavity.
Fiber type L (m) β2 (ps
2/km) NetGVD (ps2)
SMF-28 14.9 −22 −0.3278
Hi-1060 1 −7 −0.0070
EDF 7 23 0.1035
Figure 12.Output pulse train of themode-locked EDFL.
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rate is 13.11 MHz based on the response time of 76.3 ns. The constant pulse repetition rate featured by the
mode-locked laser is favorable over situations where a slightfluctuation in the gainmedium lifetime and pump
power easily changes the repetition rate, such as in aQ-switched laser [34]. Themode-locked laser pulse
repetition rate is in agreement with the round-trip time. The absence ofmultiple-pulsing and parasitic
Q-switching instabilities establishes the high stability of thismode-locked laser [35].
The autocorrelation trace for themode-locked laser is presented infigure 13. The trace is captured byAPE
PulseCheck autocorrelator. From the figure, the absence of pedestal indicates that the pulse operates neither in
bound-soliton regime [36]norflowof soliton [37]. Therefore, the generated pulse is of high quality. The
autocorrelation pulse duration (τac) ismeasured to be 1.07 ps. The pulse conforms to the sech
2 profile and has a
full-width at half-maximumpulse duration (τFWHM) of 694 fs that is obtained bymultiplying τac with the
deconvolution factor of sech2 profile (0.648). This value is shorter that the one reported in [15, 18]. The
estimated time bandwidth product (TBP) from the experimental result is 0.36which is higher than the 0.315
value of the sech2 pulse at the transform-limit. It is possible that the difference is caused byminor chirping, that
exists because of residual cavity dispersion [38]. The chirped optical pulse possesses longer pulsewidth
compared to an ideal sech2 optical pulse. Therefore, by balancing the residual cavity dispersion [39] or utilizing
an SAwith highermodulation depth [40], one can expect a shorter pulsewidth that will lead to a TBP value
closer to the transform-limited one.
The frequency spectrumof the fundamental pulse is shown infigure 14. The frequency spectrum is taken
usingGW InstekGSP-830 electrical spectrum analyzer. From the spectrum, the stability of the pulse train can be
evaluated through themeasurement of peak-to-pedestal extinction ratio (PER) of the frequency signal. In this
measurement, the frequency domain is set to a span of 55MHzwith a 300 Hz resolution bandwidth. A PER
value of 58.2 dB is obtainedwhich confirms a good pulse train stability [28].
Figure 15 shows the average output power and pulse energy of themode-locked laser as a function of pump
power. The pulse energy is calculated by the ratio of the average output power to the pulse repetition rate.With
increasing pumppower, a linear trend is presented for both the average output power and the pulse energy. As
Figure 13.Autocorrelator trace of themode-locked EDFL.
Figure 14.PERmeasurement of themode-locked EDFL.
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the pump increases from theminimum to themaximumpumppower, a growth from0.5 mW to 6.7 mW is
observed for the average output powerwhile the pulse energy rises from34.3 pJ to 507.2 pJ. The increment rate
for the average output power and pulse energy are approximately 0.67 mWand 50.74 pJ, respectively for every
10mW increase in pumppower.
Figure 16 shows the stabilitymeasurement of the output spectrum for theGNP-SA basedmode-locked
EDFL. The output spectrum is recorded every 2 min for a short-term stabilitymeasurement within one hour
observation period at 115.8 mWpumppower.Minimal deviation is observedwithin the period for both
Figure 15.Average output power and pulse energy as a function of pumppower.
Figure 16.Average output power and pulse energy as a function of pumppower.
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1558.35 nm central wavelength and−22.7 dBmpeak output power, confirming the stability of this GNP-SA
basedmode-locked EDFL.
7. Conclusions
In conclusion, a passivemode-locked EDFL in soliton regime is demonstrated by incorporatingGNP-SA. The
pulse duration obtained at FWHMis 694 s, placing the scheme in the femtosecond laser category. Themode-
locked generationwas achieved at 22.6 mWpumppower and has a central wavelength of 1558.35 nmwith 3 dB
spectral width of 4.21 nm. The operation of themode-locked EDFL in the net anomalous dispersion regime is
confirmed through themanifestation of Kelly’s sidebands in the spectral output. At themaximumpumppower
of 115.8 mW, themeasurements obtained for the average output power, pulse energy, and pulse repetition rate
are 6.7 mW, 507.2 pJ, and 13.11 MHz, respectively. This work highlights the simplicity and feasibility of GNP as
saturable absorptionmaterial formode-locked EDFL. The high-quality femtosecond pulse output generated in
this work encourages future investigation of this GNP-SA in terms of its long-term reliability for generating
stable optical pulses.
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